SUMMARY A statistical model based on the method of variance components was applied to obtain confidence statements for single and repeat determinations of left ventricular ejection fraction by radionuclide techniques. With this approach variance caused by individual factors in the measurement procedure is estimated to allow calculation of confidence intervals based on single measurements and the detection limits for changes. Six study groups made up of a total of 143 subjects were examined by both multigated equilibrium and first pass imaging. Under favourable conditions (with an updated gamma camera and experienced observer) the 95% confidence interval with a single measurement of left ventricular ejection fraction by equilibrium imaging was ± 3 ejection fraction units, compared with ± 6 units with the first pass technique (one ejection fraction unit = 1/100 of the possible values from 0 00 to 1 00). The minimal significant changes (at the 5% level) in measured equilibrium left ventricular ejection fraction at intervals of 15 min, 3 days, 1, 3, and 4 weeks were ± 4, ± 4, ± 5, ± 5, and ± 6 units, respectively. The corresponding minimal detectable changes in a subject's "true" left ventricular ejection fraction for the same intervals were ± 7, ± 7, ± 10, ± 10, and ± 12 units respectively. With first pass imaging, only average values for the variation at repeat determination could be calculated. The minimal significant change in measured first pass left ventricular ejection fraction was ± 7 units, and the minimal detectable change in "true" left ventricular ejection fraction was ± 14 units. Measurements of left ventricular ejection fraction by equilibrium technique were generally more reproducible than first pass determinations because the variability caused by study acquisition, observer analysis, and residual errors was smaller.
Patients and methods

STUDY POPULATION
Data sets were collected from six study groups made up of a total of 143 subjects (aged years) who gave their informed consent to the study. There were 14 healthy volunteers who were examined with approval of the Copenhagen County ScientificEthical Committee. The patients that we studied all had heart disease.
Group 1 was 29 patients with coronary artery disease examined by both equilibrium imaging and contrast ventriculography in order to determine the accuracy of the radionuclide method. Three inexperienced observers carried out the data processing of the radionuclide studies; one of them repeated the analysis later. The cineventriculograms were analysed in duplicate by an experienced radiologist.
Group 2-Twenty seven patients were randomly selected from groups 1 and 3. In all of them one equilibrium study was followed immediately by another. The two examinations were carried out by two inexperienced observers who positioned the camera and patient and did the subsequent computer processing of the acquired data. Group 3 was made up of 21 patients with ischaemic heart disease or chronic heart failure or both. They had two equilibrium imaging examinations [1] [2] [3] days (median 3) apart, and all data processing was performed by one inexperienced observer. Group 4 consisted of 19 patients: 10 with previous myocardial infarction, seven with ischaemic heart disease, and two with arterial hypertension. The variation in left ventricular ejection fraction within the same hour was examined by performing four successive equilibrium studies, which were started every 15 minutes. The patients also had first pass and equilibrium imaging performed at the same time of the day at intervals of one, three, and four weeks. Data processing in this group was undertaken by an experienced observer. Data were complete for 16 of the 19 patients.
All patients in groups 3 and 4 were considered to be clinically stable and their medications were not changed during the study period.
Group 5-Four normal subjects and 30 patients with previous myocardial infarction were examined only once by equilibrium imaging. Data were procesHoilund-Carlsen, Lauritzen, Marving, et oblique view (25o-45o) was used in all studies to give the best separation of the left ventricle from other heart chambers. In groups 1,2, and 3,24 frames were obtained per RR interval in a 32 x 32 word matrix and a total ofthree million counts were collected with a single crystal gamma camera equipped with a low energy (140 keV), high resolution, parallel hole collimator. In groups 4, 5, and 6 data were acquired in a 64 x 64 word matrix and five million counts were collected in 20 (groups 4 and 5) or 32 frames (group 6) with an updated version ofthe same gamma camera. All data were obtained with the patients in the resting supine position. In groups 3 and 4 the angulation of the gamma camera was noted initially in each patient and reused in the repeat studies.
Under these conditions and after background correction and standardisation as 20 frames per RR interval for all studies, the recorded activities from the left ventricular region of interest in the end diastolic frame were on average approximately 21 000 counts with in vivo labelling, 32 000 counts with in vitro labelling, and 17 000 with the modified in vivo/in vitro technique. These figures, however, are not directly comparable because they are influenced by the size of the patient, the size of the left ventricle, and the proportion of high activity structures (such as the spleen) in the field of view. The stability of red cell labelling was examined in the in vitro groups by comparing the concentration of activity in two blood samples drawn at an interval of 45 minutes and counted on the collimator surface with correction for delay and radiation decay. The average blood activities in the two series of samples were 17 87 and 17-01 cps/ml, corresponding to a calculated biological half time of approximately 10 5 hours. ) was not significantly different from the opposite regression line (equilibrium technique (x axis) and cineventriculography (y axis)), and neither line differed significantly from the line of identity.
Intraobserver variation.-The variation in duplicate processing by the same observer of the same stored patient studies was larger with cineventriculography ( fig 2a) than with equilibrium imaging (fig 2b) (SD -4-4 compared with 1 9). With the new gamma camera and greater observer experience the intraobserver variation at reanalysis was reduced to an SD of 1 1 for an observer of Hoilund-Carlsen, Lauritzen, Marving, et al medium experience and of 1 0 for an observer ofgreat experience.
Interobserver variation.-The variation found when the same radionuclide studies were reanalysed by different observers-or the "variability of judgment"-that is the sum of observer and residual variances also decreased, from SD z 2-5 for an inexperienced observer with the older gamma camera to 1 9 for a more experienced observer and 1 1 for a very experienced observer, both with the new gamma camera.
Acquisition variation.-This was studied for only the older camera. Two inexperienced observers performed two equilibrium studies immediately after one another in the same patients. We found an SD of approximately 0-8, which was substantially lower than with cineventriculography. The SD for cineventriculography was not determined separately, but the combined SD attributable to acquisition plus observer variation was about 6-9. When the same gamma camera angulation was used for all studies in the same patient the acquisition SD was reduced to less than 0-3.
Reliability.-Left ventricular ejection fraction measured by x ray was equal to the radionuclide measurement (i 1*96 SD) when the SD was calculated from the total (x ray + radionuclide) variability of a single measurement. This composite SD was z 8-6 for an old camera and inexperienced observer, :t 8-4 for the new camera and more experienced observer, and 8 3 for new camera and a highly experienced observer. In all three instances the SD was almost entirely attributable to radiological variation. Variation with time.-At re-examination there were insignificant differences in heart rate and mean arterial blood pressure. Mean (SD) measured (14) With first pass imaging only an average value for the variation at repeat determination could be calculated. Consequently only one set of values (placed in the 4 weeks' column) is given for this technique.
equilibrium left ventricular ejection fraction was 1 (1) (range 0-5) for reacquisition within the same hour and 3 (2) (range 0-7) after four weeks (fig 3a and  b) . There was a clear tendency for increasing variation with time ( fig 4) . Confidence statements.- Table 1 gives the 950o confidence intervals for single measurements. The reliability of measuring left ventricular ejection fraction by radionuclide cardiography equilibrium imaging. Thus the standard deviations of first pass acquisition, observer, and residual variances were 1-7, 1 3, and 2 1, respectively, compared with equilibrium worst case and best case figures of 0-8, 1-6, 1-9, and 03, 0 5, 1-2 respectively, and compared with the much greater radiological variances (fig 5) , in which, for example, there was an observer SD of 4-3. The reliability was: equilibrium left ventricular ejection fraction = (first pass left ventricular ejection fraction -1) i 7 EF units. Table 1 gives the confidence interval for single determinations of the left ventricular ejection fraction measured by the first pass technique. Table 2 gives the average detection limits at repeat measurement within four weeks.
Discussion
In method comparison studies many workers often use correlation analysis without considering whether this is a valid approach. As Altman and Bland pointed out,7 the correlation coefficient does not measure agreement; it measures association. When two methods are compared the correlation coefficient depends on the range of the true values and the measurement errors of both methods. If the range of values is wide compared with the measurement error the r value will be high, whereas if the range is narrow and the methods are imprecise the correlation will be low. 7 Another commonly misused technique is linear regression analysis; testing the slope ofthe regression line against zero is equivalent to testing the correlation coefficient.7 With the least squares principle there is a tendency for the slope to be underestimated, and in addition many ignore the error inherent in any measurement of either dependent or independent variables. To compensate for this, we carried out the regression analysis twice, first using x ray left ventricular ejection fraction as the dependent variable, and then with radionuclide left ventricular ejection fraction as the dependent variable. We used regression analysis to examine the accuracy of both radionuclide methods so that our results could be compared with previously published results.
Other and more simple approaches have been proposed for method comparison studies7 because linear regression is not suitable for estimation of the relative precision of the methods compared. Instead we used a variance component model. Before discussing the application, we review other reports on the evaluation of radionuclide measurements of left ventricular ejection fraction. It is difficult to compare the reported results on reproducibility. The radionuclide methods differ considerably,24 and the variability of repeat assessments is influenced by the selection ofpatients and by the proportion of patients with normal left ventricular ejection fractions.'6 Some studies are small," 25 and most deal with only a few aspects of reproducibility." 1920 [25] [26] [27] [28] [29] There is a tendency to use the same incorrect methods, and variability is expressed in various ways without taking into account all the contributory factors. This precludes the calculation of the relevant confidence intervals and detection limits. It is seldom stated how mean differences between sets of values were calculated, with sign or as the average numerical difference, or if a mean difference of X% was the percentage of an ejection fraction value or the difference expressed in ejection fraction units. Even more elaborate studies '6 ' use conventional methods that cannot give estimates that answer the most pertinent questions. PRESENT 
INVESTIGATION
Because we cannot measure true left ventricular ejection fraction we cannot be certain that a method is accurate if there is no standard with which to compare it. What we can do is to compare two methods, which we believe measure what they are intended to do, and if we find "sufficient" agreement we postulate that they are accurate. The degree of disagreement that is tolerated is determined arbitrarily.
In the present study we found no statistical differences between equilibrium imaging left ventricular ejection fraction and angiographic left ventricular ejection fraction by linear regression or by two tests for matched pairs. On the basis of these results we decided that the radionuclide method was accurate. The outcome of the regression analysis was similar to that which has been reported by others.'01216192' We assumed that the two methods measured the same variable, albeit with different precision. Because the variability of the radiological method was so much greater ( fig 5) it seemed irrelevant to calculate and use for later corrections an equation that expressed the "reliability" of the 660 radionuclide method-that is its ability to predict the corresponding radiological left ventricular ejection fraction. Figure 1 shows that the variability of equilibrium imaging left ventricular ejection fraction was independent of the absolute magnitude of left ventricular ejection fraction. Consequently, all variances, changes, etc, were given in absolute figures. It seemed inappropriate to express the variability of ejection fraction determinations as the coefficient of variation, because this relates the standard deviation to the mean value, which may be unrepresentative of the individual patient.
First pass values were on average one unit higher than equilibrium imaging left ventricular ejection fraction, in accordance with the finding in a previous study.3 This minor discrepancy might reflect differences between methods in background correction and delineation of the aortic valve plane.
With The reliability of measuring left ventricular ejection fraction by radionuclide cardiography 661 functional state being put in a wrong part ofthe scale.
When changes in left ventricular ejection fraction are measured the need for a method with low variability is even greater. All sources of variability contribute not once, as in single measurements, but twice because the measurement is repeated, and the detection limits are not 1 96 times the composite SD but 3-60 times SD. The consequences of this are different in the clinical situation and in the scientific setting. In scientific studies a statistically significant change in left ventricular ejection fraction may be detected in a group of patients if there is a change in the same direction in a sufficiently large proportion of patients. For the clinician, however, the question is whether a measured change in left ventricular ejection fraction in an individual patient is caused by method variability or whether it reflects a real change in true left ventricular ejection fraction. If the precision of the method is not good the true answer will not emerge and the clinician will have to rely on physical signs, which, although accepted and important, are insensitive, non-specific, and not very reproducible. '2 The evaluation of methods of measurement is lagging well behind their clinical application. Many published papers do not mention method variability. Clinicians should choose their methods of measurement after a critical appraisal of all the techniques available and not merely use the most popular or well established one. 
